Dicer is an RNase III family endoribonuclease and haploinsufficient tumor suppressor that processes mature miRNAs from the 59 (5p) or 39 (3p) arm of hairpin precursors. In murine Dicer knockout fibroblasts, we expressed human Dicer with point mutations in the RNase III, helicase, and PAZ domains and characterized miRNA expression by Northern blot and massively parallel sequencing of small RNAs. We report that inactivation of the RNase IIIA domain results in complete loss of 3p-derived mature miRNAs, but only partial reduction in 5p-derived mature miRNAs. Conversely, inactivation of the RNase IIIB domain by mutation of D1709, a residue mutated in a subset of nonepithelial ovarian cancers, results in complete loss of 5p-derived mature miRNAs, including the tumor-suppressive let-7 family, but only partial reduction in 3p-derived mature miRNAs. Mutation of the PAZ domain results in global reduction of miRNA processing, while mutation of the Walker A motif in the helicase domain of Dicer does not alter miRNA processing. These results provide insight into the biochemical activity of human Dicer in vivo and, furthermore, suggest that mutation of the clinically relevant residue D1709 within the RNase IIIB results in a uniquely miRNA-haploinsufficient state in which the let-7 family of tumor suppressor miRNAs is lost while a complement of 3p-derived miRNAs remains expressed.
INTRODUCTION
MicroRNAs are a class of 22-nt RNAs that regulate diverse biological processes (Ghildiyal and Zamore 2009) . They are transcribed initially as long primary transcripts (pri-miRNA) and then processed in the nucleus by Drosha to yield hairpin precursors (pre-miRNA) (Krol et al. 2010) . Each pre-miRNA is transported into the cytoplasm and processed further by Dicer to produce a double-stranded species consisting of a miRNA guide strand, required for mRNA targeting, and a passenger strand that is degraded (Krol et al. 2010) . The guide strand is incorporated into an RNA-induced silencing complex (RISC) consisting of Argonaute proteins. The RISC then targets transcripts through complementarity of positions 2-7, named the seed region, of the loaded miRNA to the 39 untranslated region (39 UTR) of its target mRNA (Bartel 2009 ). This binding subsequently results in translational inhibition and/or degradation of the target transcript (Ghildiyal and Zamore 2009 ).
The enzymes required for the biogenesis of miRNAs have been characterized biochemically. Dicer possesses multiple domains, including two universally conserved RNase III domains, a PAZ domain, and a less-conserved ATPase/ DExD helicase (Carmell and Hannon 2004; Park et al. 2011) . These domains have been characterized both in vitro and, to a lesser extent, in vivo (Welker et al. 2010; Park et al. 2011; Ohishi and Nakano 2012) . The RNase III domains of Dicer are essential for miRNA maturation. Mutations within the RNase IIIA and IIIB domains of Dicer abrogate in vitro processing of the 39 (3p) and 59 (5p) arms of pre-miRNAs, respectively (Zhang et al. 2004; HeraviMoussavi et al. 2012) . The PAZ domain binds the free ends of pre-miRNAs and positions the RNase III domains of Dicer to cleave pre-miRNAs at a fixed distance from the 3p end, in the case of Giardia (MacRae et al. 2007) , or the 5p end, in the case of mammalian Dicer (Park et al. 2011) , of the pre-miRNA. The function of the helicase domain remains unclear, but its conservation correlates positively with the existence of endogenous small interfering RNAs (endo-siRNAs) processed from long double-stranded RNAs (dsRNAs) (Welker et al. 2010) . In vitro, mutation of K70 in the ATP-binding Walker A motif within the helicase domain of human Dicer (hsDicer) does not impair pro-cessing of dsRNA, leading to the prediction that this residue is not required for processing of pre-miRNAs (Zhang et al. 2002) . However, in vivo, in Caenorhabditis elegans, mutation of this motif, equivalent to a K70A mutation in hsDicer, results in loss of a subpopulation of endo-siRNAs but does not affect miRNA levels (Welker et al. 2010) . Based on these observations, current models predict that the helicase is required for the unwinding and processive cleavage of dsRNAs (Welker et al. 2011) .
In addition to biochemical characterization, the RNAi pathway has also been characterized genetically in various species, including fission yeast, nematode, fruit fly, mouse, and humans. Homozygous loss of mammalian Dicer, encoded from a single gene, often leads to profound defects, particularly during development, and can lead to proliferative delays and increased apoptosis (Harfe et al. 2005; Kanellopoulou et al. 2005; Ambros 2011; Mendell and Olson 2012) , while heterozygous loss can contribute to pathological states (Lu et al. 2005; Kumar et al. 2007 Kumar et al. , 2009 Hill et al. 2009 ). In mouse models, deletion of a single copy of Dicer leads to enhanced tumor formation, demonstrating a role as a haploinsufficient tumor suppressor (Kumar et al. 2007 (Kumar et al. , 2009 . In humans, changes in expression levels of Dicer and miRNAs have been associated with tumor development (Garzon et al. 2010) . Patients with germline mutations in Dicer develop familial pediatric pleuropulmonary blastoma (Hill et al. 2009 ). Recently, exome sequencing revealed a specific somatic mutation of D1709 within the RNase IIIB domain of Dicer in nonepithelial ovarian tumors that are haploid for this allele (Heravi-Moussavi et al. 2012) .
Many questions remain about the mechanism underlying the pathological states promoted by alterations in Dicer. In particular, the effects of tumor-associated missense mutations within Dicer on miRNA-processing activity in vivo are unknown. This study uses Dicer knockout murine mesenchymal stem cells (MSCs), a fibroblast cell type, to carry out structure-function analysis of hsDicer in cell culture. Through point mutagenesis, we demonstrate that the RNase IIIA and IIIB domains of hsDicer process the 3p and 5p arms of miRNAs, respectively, in vivo. In particular, mutation of residue D1709, which is associated with human tumors, results in loss of maturation of the let-7 family of tumor suppressor miRNAs, as well as other miRNAs, derived from the 5p arm of precursors, but only partially impairs processing of miRNAs derived from the 3p arm. We also report that mutation within the PAZ domain results in global reduction of miRNA processing and that the ATP-binding activity of the Walker A motif within the helicase is dispensable for miRNA processing. These findings provide insight into the in vivo biochemical activity of Dicer.
RESULTS AND DISCUSSION
To perform structure-function analysis of human Dicer (hsDicer), we mutagenized residues in several functional domains (schematized in Fig. 1A ). Within the RNase III domains, we targeted residues that coordinate metal ions to catalyze the cleavage of pre-miRNA. In the RNase IIIA domain, D1320 or E1564 was mutated to alanine, and in the RNase IIIB domain, D1709, which is altered in a subset of nonepithelial ovarian cancers (Heravi-Moussavi et al. 2012) , was mutated to alanine. Within the PAZ domain, Y971 and Y972 are conserved residues required for optimal RNA binding by the PAZ domain of Ago proteins (Lingel et al. 2003; Song et al. 2003; Yan et al. 2003; Zhang et al. 2004) . Mutation of these aromatic residues within hsDicer was shown previously to reduce hsDicer activity in vitro (Zhang et al. 2004) . As in this previous study, we replaced Y971/Y972 with alanines. Within the PAZ, we also mutated E1036 to alanine based on the previous observation that this residue is required for full hsDicer activity in vitro (Zhang et al. 2004 ). Within the ATPase Walker A motif of the helicase, we mutated K70 to alanine. This residue was shown previously, in C. elegans, to be required for the generation of a subset of endogenous siRNAs but dispensable for production of miRNAs (Welker et al. 2010) .
To assess the activity of each mutant, we transfected wildtype and mutant hsDicer constructs into Dicer À/À (Dicer KO) mesenchymal stem cells (MSCs), described in detail elsewhere (A Ravi, AM Gurtan, MS Kumar, A Bhutkar, C Chin, V Lu, JA Lees, T Jacks, and PA Sharp, unpubl.). These cells were derived from an adult Dicer f/f mouse (Harfe et al. 2005) , immortalized with SV40 large T antigen, and infected with Adeno-Cre-GFP to delete both conditional alleles. As controls, we transfected Dicer f/f (Dicer WT) and Dicer KO MSCs with a fluorescent reporter plasmid encoding mCherry. Endogenous murine Dicer protein was expressed in Dicer WT cells but not in Dicer KO cells (Fig. 1B, lanes 1,2) . Following transfection, wild-type and mutant hsDicer constructs were expressed at similar levels in Dicer KO cells, indicating that the mutations did not destabilize the protein.
To characterize the activity of each mutant, we performed Northern blotting on let-7c and miR-22, two abundant miRNAs derived from the 5p and 3p arms, respectively, of hairpin precursors. Mature miRNAs were undetectable in Dicer KO cells, confirming loss of Dicer activity (Fig. 1D,E) . Following transfection of wild-type hsDicer into Dicer KO cells, we observed an increase in levels of mature miRNAs (Fig. 1D ,E, cf. lanes 1-3) with a concomitant decrease in levels of detectable precursors ( Fig. 1D ), indicating that hsDicer is active in murine cells.
Simultaneous mutation of the RNase IIIA and IIIB domains (D1320A/D1709A) resulted in complete loss of miRNA-processing activity and failed to generate either mature let-7c or miR-22 (Fig. 1D ,E, lane 4). The D1320A/ D1709A mutant stabilized, but did not cleave, the miR-22 pre-miRNA. This stabilization suggests that the RNase III A/B double mutant is competing with a degradation pathway that targets pre-miR-22. Lin-28 is the best-characterized regulator of miRNA stability, modulating processing and degradation of let-7 (Heo et al. 2008; Piskounova et al. 2011) . However, in both Dicer WT and KO MSCs, neither Lin-28a nor Lin-28b is expressed at the RNA level (data not shown). Therefore, an alternative pathway may be involved in degrading pre-miR-22.
In contrast to the RNase IIIA/B double mutant, constructs with a mutation in a single RNase III domain retained partial activity of the second, intact RNase III domain. Constructs with either D1320A or E1564A point mutations in the RNase IIIA domain (schematized in Fig. 1C ) partially processed prelet-7c to generate mature let-7c albeit at reduced levels relative to wild-type hsDicer. These mutants also generated a partially processed, stable pre-miR-22 intermediate but failed to generate mature miR-22. These results indicate that the RNase IIIB domain processes the 5p arm of pre-miRNAs, although at lower efficiency than wild-type hsDicer, in the absence of a functional RNase IIIA domain.
Mutation of D1709 blocked maturation of let-7c but did not affect maturation of miR-22 (Fig. 1D,E, lane 7) . These data suggest that the RNase IIIB domain is required to process miRNAs from the 5p arm and that the RNase IIIA domain, in the absence of a functional RNase IIIB domain, can process the 3p arm, but not the 5p arm, of pre-miRNAs.
Mutation of the Walker A motif mutant (K70A), predicted to abrogate the putative helicase activity of hsDicer, has been reported in C. elegans to affect processing of endo- siRNAs but not miRNAs (Welker et al. 2010) . In vitro, point mutation of K70 in hsDicer does not affect processing of dsRNA, suggesting that processing of pre-miRNAs would also be independent of ATP (Zhang et al. 2002) . Deletion of the helicase domain of Dicer results in enhanced miRNA processing in vitro (Ma et al. 2008 ). In our experiments in vivo, the K70A mutant processed both let-7c and miR-22 at levels comparable to wild-type hsDicer, consistent with previous observations in vitro with hsDicer and in vivo with nematode Dicer. The PAZ domain of hsDicer binds the free ends of the precursor miRNA. Mutation of Y971/Y972 and E1036 within the PAZ were reported previously to reduce processing of pre-miRNAs by hsDicer in vitro (Zhang et al. 2004 ). In our analyses, the Y971A/Y972A mutant displayed elevated levels of pre-let-7c relative to wild-type hsDicer, and reduced levels of both mature let-7c and miR-22, indicating a general reduction in activity, likely due to reduced binding of the precursors. In contrast to previous in vitro observations (Zhang et al. 2004) , the activity of the E1036A mutant was comparable to that of wild-type protein. The presence of interacting partners in vivo, such as TRBP, may help stabilize the E1036A mutant and reduce the functional deficit that is observed in vitro using purified protein in the absence of such partners.
To confirm the results obtained by Northern blot and to extend our findings to all miRNAs transcribed in these fibroblasts, we performed massively parallel sequencing, in biological duplicate, of small RNAs (small RNA-seq), 15-50 nt in length, from Dicer WT control cells transfected with mCherry as well as Dicer KO cells transfected with either mCherry negative control or a subset of hsDicer point mutants characterized by Northern blot. Results from individual replicates are provided in Supplemental Data 1-3. Mature miRNAs comprised 57% of all reads in Dicer WT cells transfected with mCherry, but only 1% of all reads in Dicer KO cells transfected with mCherry ( Fig. 2A ; Supplemental Data 1). Comparison of mCherry-transfected Dicer WT and KO libraries did not reveal any experimentally reproducible Dicer-independent miRNAs expressed in MSCs. Mature miRNAs were restored comparably well with either transfection of wild-type hsDicer (37% of all reads) or the K70A helicase mutant (41%), further supporting the observation that the helicase is not required for miRNA processing. No recovery of miRNAs was observed upon transfection of the D1320A/D1709A RNase IIIA/B double mutant (1%), and partial recovery was observed with transfection of the D1320A RNase IIIA single mutant (5%), the D1709A RNase IIIB mutant (11%), and the Y971A/Y972A PAZ mutant (24%) (Fig. 2A) . In cells expressing D1320A, reads mapping to pre-miRNAs were more abundant than reads mapping to mature miRNAs, in contrast to the other libraries from cells expressing fully or partially active hsDicer ( Fig. 2A; Supplemental Data 1) . This result may be due to increased accumulation, in D1320A-expressing cells, of partially processed pre-miRNAs such as the miR-22 intermediate observed by Northern blot (Fig. 1E) . In cells expressing D1320A or D1709A, we observed an increased ratio of miRNA star to mature strands relative to cells expressing wild-type hsDicer, although in all libraries star strands were less abundant than mature strands (data not shown).
Consistent with Northern blot analysis, the RNase III single mutants exhibited a marked bias toward processing of a specific arm of the pre-miRNA. RNase IIIA domain mutant D1320A, but not RNase IIIB mutant D1709A, restored let-7c expression to 23% of levels observed with transfection of wild-type hsDicer (Table 1) . Conversely, D1709A, but not D1320A, restored miR-22 expression to 73% of levels relative to wild-type hsDicer (Table 1) . Globally, the D1320A RNase IIIA mutant showed partial recovery (28% relative to wild-type hsDicer) of 5p miRNAs, and no recovery of 3p miRNAs (Fig. 2B , cf. D1320A to hsDicer; raw data provided in Supplemental Data 3). Conversely, the D1709A RNase IIIB mutant showed partial recovery (58% relative to wild-type hsDicer) of 3p miRNAs and no recovery of 5p miRNAs (Fig. 2B , cf. D1709A to hsDicer; raw data provided in Supplemental Data 3). Expression of all members of the let-7 family was partially restored in the D1320A RNase IIIA mutant library but was absent in the D1709A RNase IIIB mutant library (Fig. 2C) . 3p-derived miRNA miR-24 was absent in cells transfected with the D1320A RNase IIIA mutant but was detected in the D1709A RNase IIIB mutant. Within each library from Dicer KO cells expressing hsDicer, K70A, and Y971A/ Y972A, 5p-and 3p-derived miRNAs were comparably represented, indicating that both RNase III domains were comparably active in these constructs ( Fig. 2B,C ; Supplemental Data 2). In the Y971A/Y972A sequencing libraries, although 5p-derived miRNAs appeared to be slightly underrepresented relative to 3p-derived miRNAs (Fig. 2B) , this result was not consistent between biological replicates (Supplemental Data 2). Fidelity of miRNA processing was not affected in cells expressing Y971A/Y972A mutations within the PAZ (data not shown), a domain that positions pre-miRNAs for cleavage at fixed distances from the precursor termini (MacRae et al. 2007; Park et al. 2011) .
Our results mark the first characterization in cell culture of the RNase III domains of human Dicer. Furthermore, our helicase and PAZ mutants add to, and are consistent with, the in vivo structure-function studies performed recently analyzing the mechanism by which worm and human Dicer process miRNAs (Welker et al. 2010; Park et al. 2011) . Our findings indicate that each RNase III domain can retain partial activity in vivo when the other RNase III domain is inactivated. Confirming conclusions from in vitro experiments (Zhang et al. 2004 ), loading of pre-miRNA into hsDicer in vivo is directional, with the RNase IIIA and IIIB domains responsible for processing of the 3p and 5p arms of precursors, respectively (Fig. 1C) . Consistent with our results, a recently published forward genetic screen in Chinese hamster ovary cells identified a role for the RNase IIIA domain in processing 3p miRNAs (Ohishi and Nakano 2012) .
Missense mutations of a haploid allele of Dicer have been reported in human nonepithelial ovarian cancers, notably in the RNase IIIB domain (Heravi-Moussavi et al. 2012 ), but the consequences of these mutations on Dicer activity in vivo have been unclear. Our results indicate that inactivation of a single RNase III domain within Dicer dramatically alters the miRNA expression profile of a cell. Importantly, catalytically inactive mutations in the RNase IIIB domain solely generate miRNAs from the 3p arm of the hairpin precursor. Specifically, we conclude that patient tumors expressing hsDicer with a mutation at D1709 in the RNase IIIB are likely deficient in 5p miRNAs while competent for expression of 3p miRNAs. Thus, this mutation represents a unique, miRNA-haploinsufficient state in which an entire family of tumor suppressors, the 5p-derived let-7 family, is absent while a complement of 3p-derived miRNAs, including the ubiquitously abundant miR-22, remains expressed. This miRNA expression profile may allow cells to selectively inactivate regulation of tumor-suppressive networks by let-7 family members while maintaining regulation of cellular pathways by miRNAs from the 3p arm. Since cells null for Dicer and thus all miRNAs are sensitive to many types of stress (Leung et al. 2011a) , it is possible that retention of miRNAs from the 3p arm might be critical for tumor survival. In total, these and previous results strongly indicate that alterations in regulation by miRNAs can be critical in human cancer.
MATERIALS AND METHODS

Cell culture
Murine mesenchymal stem cell (MSC) cultures were passaged in a-MEM supplemented with pen/strep and 10% FBS. Cells were transfected with Lipofectamine 2000 (Invitrogen) and either pCAGGS-mCherry, wild-type pCAGGS-Flag-hsDicer, or mutant pCAGGS-Flag-hsDicer constructs. Forty-eight hours after transfection, MSCs were harvested for protein or total RNA, as indicated below.
Western blot
Cells were lysed with 23 sample buffer (Bio-Rad) containing 5% b-mercaptoethanol, boiled for 5 min, and subjected to SDSpolyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, proteins were transferred to PVDF membranes using a submerged transfer apparatus (Bio-Rad). After blocking with 5% nonfat dried milk in TBS-T (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 0.1% Tween 20), the membrane was incubated with the primary antibody diluted in TBST, washed extensively, and incubated with the appropriate horseradish peroxidase-linked secondary antibody (Amersham). Chemiluminescence was used for detection. Western blots were performed with anti-Dicer (Bethyl Laboratories), for detection of murine and human Dicer, or anti-p107 as a loading control (Santa Cruz Biotechnology).
Northern blot
RNA was prepared using Qiazol Reagent according to the manufacturer's protocol (QIAGEN). Total RNA was mixed with an equal volume of formamide loading buffer, denatured for 5 min at 95°C, and run for 1 h at 35 W on a 12% denaturing polyacrylamide gel (Sequagel, National Diagnostics) after 30 min of pre-running. A semi-dry transfer apparatus set to 18 V was used to transfer the RNA to a Hybond-N + nylon membrane (GE Healthcare Life Sciences) for 1.5 h at 4°C. RNA was then UV cross-linked at 1.2 3 10 6 mJ in a Crosslinker 2400 (Stratagene) on top of Whatman paper. The membrane was prehybridized with Ultrahyb Oligo Buffer (Ambion) for 1 h and then probed overnight at 37°C with a 59-end-labeled DNA oligo probe complementary to mature let-7c, mature miR-22, or glutamine tRNA. The membrane was washed twice for 30 min in 23 SSC/ 0.1% SDS buffer, exposed to a phosphorimager screen, and then imaged on a Storm scanner (Molecular Dynamics). Northern blots were carried out in biological duplicate.
Small RNA cloning
Small RNA sequencing from mesenchymal stem cell lines was performed, in biological duplicate, as described previously but with bar-coded samples for multiplex sequencing (Leung et al. 2011b) . (The GEO Accession Number for this data set is GSE36978.) A detailed protocol is available upon request. Multiplexed Illumina sequence reads were bucketed by sample bar code and processed using the FASTX-Toolkit (from the laboratory of Gregory Hannon) to strip adaptors, drop resulting reads <15 bp, and aggregate identical sequences in each individual library. Processed reads were mapped to the mouse genome (build mm9 in UCSC Genome Browser) using the Bowtie short read alignment tool (Langmead et al. 2009 ), allowing for up to a single base pair mismatch per alignment. All unique matches to the genome were first processed to identify sense-strand alignments to miRNA annotation (Chiang et al. 2010; Kozomara and Griffiths-Jones 2011) . Any repeat matches to the mouse genome were further processed to identify possible matches to miRNA annotation.
Using custom software, reads mapping to full-length mature miRNA annotations with exact ends and allowance for a 1-bp slip at the 39 end were categorized as mature miRNAs. These were subsequently used to quantify the levels of mature miRNAs in various data sets under study. Mature miRNA matches were also classified according to 59 or 39 pre-miRNA arm annotation in each library. Precision of mature miRNA processing was assessed in each library within a 610-bp window of the annotated 59 and 39 ends of mature miRNAs. Levels of miRNA precursor intermediates were quantified in each library, and length distributions were calculated using read alignments anchored at the location of the Dicer cut with allowance for a 61-bp slip, for each of the annotated miRNAs on either the 59 or 39 arm of the corresponding pre-miRNA.
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